At some time before fertilization, mammalian sperm undergo a change in movement pattern, termed hyperactivation. There is evidence that hyperactivation offers an advantage to sperm for detaching from the oviductal mucosa, for penetrating viscoelastic substances in the oviduct, and for penetrating the zona pellucida. Hyperactivation is known to require extracellular calcium, but little else is known about the mechanisms by which calcium affects sperm movement. The calcium-sensitive fluorescent dye indo-1 was used to follow intracellular calcium levels ([Ca2+]O) in individual moving sperm. Sperm were loaded with 10 IAM of the acetoxymethyl ester form of the dye and then rinsed. The dye was excited at 340 nm by using a fitered xenon stroboscope, and images at the 405-nm and 490-nm excitation maxima were simultaneously digitized at 30 per sec for 2.1 sec. [Ca2+], was significantly higher in the acrosomal and postacrosomal regions of the head and in the flagellar midpiece (the principal piece could not be measured) in hyperactivated than in nonhyperactivated sperm (P < 0.0001).
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[Ca2+]J oscillations were detected in the proximal half of the midpiece that were identical in frequency to the flagellar-beat-cycle frequency in 12 of 17 hyperactivated sperm (median, 3.5 Hz). Rapid [Ca2+]J oscillations were also detected in the acrosomal and postacrosomal regions, as well as in the distal midpiece. Oscillations were not elininated by dampening the flagellar bending with methyl cellulose. The [Ca2+1, oscillations detected in sperm are significantly more rapid than oscillations detected in other cell types. (7, 8) . The [Ca2+]1i increase is initiated by an influx of extracellular Ca2+, apparently via an L-type voltageactivated calcium channel (9) . The mouse sperm acrosomereaction receptor has been identified as a galactosyltransferase that is activated by the zona pellucida glycoprotein ZP3 (10) . On the other hand, all that is known about hyperactivation is that it may be induced by calcium ionophore A23187 (11, 12) and reversed by the removal of ionophore or extracellular calcium (1, 11) and that demembranated sperm exhibit hyperactivated flagellar-bending patterns in solutions containing 1 mM Ca2+ (13) . On the basis of this information, it has been assumed that a rise in [Ca2+]i initiates and, perhaps, also maintains hyperactivation. Hyperactivation and the acrosome reaction can occur independently (14) ; therefore, either the two events are driven by different calcium regulatory pathways and/or they are separated by subcellular compartmentalization. The latter hypothesis is possible for sperm because the acrosome reaction occurs on the rostrum of the head and hyperactivation occurs in the flagellum of these highly polarized cells.
The following experiments were done to determine (1) . For sperm, millimolar levels of extracellular calcium are required for two processes that precede fertilization, motility hyperactivation and the acrosome reaction. Flagellar movement is activated when mature spermatozoa are released from the caudal epididymis. Hyperactivation (Fig. 1A ) occurs sometime after insemination into the female reproductive tract and has been associated with attaining the capacity to fertilize in vitro (2, 3) . This hyperactivation entails an increase in flagellar-bend amplitude and flagellar-beat asymmetry, similar in pattern to the chemotactic response of some marine invertebrate spermatozoa to eggs (4) . The acrosome reaction involves the exocytotic release of enzymes that aid in the penetration of the zona pellucida and prepare the sperm plasma membrane for fusion with the oocyte plasma membrane (5, 6) .
More is known about the role of Ca2+ in the acrosome reaction than in hyperactivation. The reaction has been shown to involve an increase in intracellular calcium concentration ([Ca2+i) downstream from the receptor-mediated activation of a guanine nucleotide inhibitor factor-like protein
EXPERIMENTAL PROCEDURES
Loading Sperm with Indo-1. Sperm were collected from the caudal epididymides of sexually mature Syrian Golden hamsters, as described (15) . These sperm were suspended in a medium containing 110 mM NaCl, 5 mM KCI, 2.4 mM CaCl2, 0.49 mM MgCl2, 0.36 mM NaH2PO4, 24.9 mM NaHCO3, 5 mM glucose, 6.26 mM lactate, 0.125 mM pyruvate, 1.2% bovine serum albumin (fraction V; Calbiochem), and 0.006% penicillin G (pH 7.5, 290-310 mOsm). Hypotaurine (100 ,uM), epinephrine (1 ,uM), and penicillamine (20 ,uM) Imaging System. A xenon stroboscope was used as the fluorescence excitation source to limit sperm exposure to UV light and to provide sharp images of rapidly moving flagella (Fig. 2) . Sixty-four sequential paired images of 15 (18) . B and Kd were determined for the head and midpiece regions by adding bromo-A23187 to sperm in solutions of known [Ca2W] (19) (20) (21) (Fig. 3); [Ca2W]i was deter- mined according to the method of Tsien (22) . FCR. Measurement of FCRs (2) was made from the digitized images (Fig. 1C) . This measure was found to be more precise (repeatable) than flagellar amplitude because the flagellar bend does not form a perfect sine wave, especially in hyperactivated sperm. Cell Biology: Suarez et Low-frequency oscillations (-1 per min) were first investigated because these were most often reported to exist in nonexcitable cells (23) (24) (25) . Paired images of individual hyperactivated sperm were recorded at 4-sec intervals for a period of 2 min. It was possible to accomplish this because hyperactivated hamster sperm swim in circles. No evidence could be found for such oscillations (data not shown).
Next, high-frequency oscillations, on the order of the length of the beat cycle, were investigated. Paired Furthermore, amplitudes of the oscillations were only on the order of tens of nM instead of hundreds of nM (Fig. 5) . A few analyzable sets of images were collected at 60 Hz that gave stronger indication of oscillations because of increased temporal resolution (Fig. SB) ; however, the amplitude of the pulse from the xenon stroboscope had to be halved to collect images at this rate, and this subsequently reduced the brightness of the fluorescent signals and the measurement accuracy.
To determine whether the oscillations might be artifactual changes in the signal ratio produced by the bending of the sperm, [Ca2+]i was measured in hyperactivated sperm swimming in 1.5% methyl cellulose. The minimum FCR was dampened in these sperm from a range of 0.13-0.52 (median, 0.32; n=100) to a range of 0.56-0.99 (median, 0.95). In four out of five sperm, the Fourier-determined peak [Ca2+]1 oscillation was the same as the beat frequency, and the range of the [Ca2+]i fluctuation was still =200 nM (Fig. SC) .
The rapid oscillations detected in [Ca2+]i could be attributed to rapid opening and closing of calcium channels or to rapid binding and release of calcium intracellularly by calcium-binding proteins. There is now strong evidence for the existence of L-type calcium channels in sperm, channels that open by membrane depolarization. These channels have been implicated in induction of the acrosome reaction in sperm at fertilization (9) . It is possible that sperm also possess other voltage-activated channels present in excitable cells, such as N-or T-type channels, that open and close more rapidly than L-type channels (17) . In combination with Ca2+-ATPase (26-28) and possibly a Na+/Ca2+ antiporter (29) in sperm that pump Ca2+ out ofthe cell (26) (27) (28) , rapidly opening and closing channels could account for the rapid oscillations. The second possibility is that the oscillations represent the binding and release of Ca2+ from calcium-binding proteins. Sperm have an unusually small cytoplasmic compartment; therefore, calcium-binding proteins may produce detectable effects on the cytoplasmic Ca2+. The calcium-binding protein calmodulin has been localized by antibodies to the inner surface of the outer dense fibers of the tail and beneath the acrosome on the head (30, 31) , where it might produce the oscillations observed. Other calcium-binding proteins resembling calpactin (32), calsequestrin (33) , and calreticulin (34) The patterns of activation and hyperactivation resemble the two swimming patterns of some marine invertebrate sperm as they respond to chemotactic signals from eggs (4, 38) . There have been some reports of chemotaxis in human sperm (39, 40) , but the phenomenon has not been demonstrated to be widespread in mammalian sperm. Regardless of whether hyperactivation is a form of chemotactic response in mammalian sperm, the underlying mechanisms regulating this asymmetrical flagellar-movement pattern in marine invertebrates and mammals are similar. Demembranated models of sea urchin and mammalian sperm respond in similar fashion to calcium (13, 41) .
Although the role of hyperactivation in chemotaxis is debatable for mammalian sperm, there is evidence that this movement pattern offers other advantages to sperm in the oviduct. Hyperactivated sperm penetrate viscous and viscoelastic media more effectively than activated sperm (42, 43) . Thus, hyperactivation may offer an advantage to sperm for penetrating mucus that occupies the oviductal lumen and the hyaluronate matrix of the cumulus oophorus. It has been calculated that hyperactivation increases the amount of thrust that sperm can develop against the zona peliucida that surrounds the oocyte (44) and may, therefore, offer an advantage for penetration of the zona. In addition to increasing the ability of sperm to penetrate various barriers to the oocyte, there is also evidence that hyperactivation aids sperm in remaining free of attachment to the oviductal wall and entrapment by mucosal folds in the oviduct (2, 45, 46) . Therefore, this phenomenon may have originally developed for locating the egg in species with external fertilization and then assumed new functions in species with internal fertilization.
In summary (Fig. 6) 
